V/MCM-41 was prepared by impregnation of MCM-41, calcined at two different temperatures (550 and 750 °C), with vanadium (V) oxytriisopropoxide (VO(O i Pr) 3 ). The calcination temperature of the support controls the surface silanol density, leading to different surface organometallic species, as shown by different characterisation techniques, such as 29 Si CP-MAS NMR, UV-Vis and FT-IR. Monopodal ≡SiO-VO(O i Pr) 2 and bipodal (≡SiO) 2 -VO(O i Pr) species are the major ones in V-MCM 750 , whereas bipodal and tripodal (≡SiO) 3 -VO are the major ones in V-MCM 550 . Monopodal and bipodal species are more active in the oxidation of methyl phenyl sulfide with alkyl hydroperoxides, with higher selectivity to sulfoxide than tripodal ones, but at the same time they are more easily deactivated. It is possible to perform the enantioselective oxidation using (S,S)-(+)-N,N'-bis(3,5-di-tertbutylsalicylidene)-1,2-cyclohexanediamine as chiral ligand, with the monopodal species being the most efficient. Experimental Cetyltrimethylammonium bromide (C 16 H 33 Me 3 NBr: CTAB, Aldrich), ammonium hydroxide NH 4 OH (28% in H 2 O, Aldrich), tetraethylorthosilicate (TEOS, Fluka), vanadium (V) oxytriisopropoxide (Sigma-Aldrich), methyl phenyl sulfide (Aldrich), tert-butyl hydroperoxide solution (TBHP, 5.0-6.0 M in decane, Aldrich), cumene hydroperoxide (CHP, 80%, Aldrich), and (S,S)-JCR1302014_FINAL.indd 766
Since the discovery of MCM-41 in 1992, 1 ordered mesoporous materials have focused a considerable research effort in the preparation and characterisation of siliceous materials with tailored properties, 2 such as large surface area and uniform pore size distribution. All these features can be useful in many applications, for example as catalysts or catalyst supports. 3, 4 Introduction of the catalytic active sites (e.g. Al, B, Ti, V, Cr, Fe, Zr) can be done into the solid framework during the synthesis of the solid 5 or on the surface by post-synthesis modification of the mesoporous material. 6 In the case of vanadium, the addition of VOSO 4 in the synthesis gel leads to the incorporation of vanadium into the MCM-41 framewok. 7 Post-synthesis methodologies to introduce vanadium into the MCM-41 pores include template ion exchange with vanadyl oxalate, impregnation with NH 4 VO 3 8 or VO(acac) 2 9 and grafting of VOCl 3 . 10 Even VO + species have been immobilised on MCM-41 modified with organic groups, such as aminopropyl ones. 11 The oxidation of sulfides is an important reaction that allows the synthesis of sulfoxides or sulfones, depending on the selectivity of the process. Heterogeneous vanadium catalysts have been employed for this purpose, but the heterogeneous character depends on the nature of the catalyst and the oxidant, with H 2 O 2 being able to leach vanadium more easily from the solid. 12 Non-racemic sulfoxides are present in biologically active compounds and can be used as reaction intermediates or auxiliaries. 13 Asymmetric sulfide oxidation using chiral Ti, Mn or V catalysts is one of the most interesting methods of obtaining chiral sulfoxides. 14 Some of those catalysts have been immobilised on solids in an attempt to combine the activity and selectivity of the homogeneous catalysts and the practical advantages of heterogeneous catalysts. Most of the examples described in the literature are devoted to the covalent immobilisation of the chiral ligands to solid supports. Manganese complexes immobilised in this way on inorganic supports led to modest enantioselectivities, up to 26% with salen ligands, 15 in the oxidation of sulfides with PhIO. Better enantioselectivities were obtained in the case of polymersupported titanium complexes, with Schiff bases (up to 72% ee) 16 or a binol derivative (up to 88% ee). 17 Alkyl hydroperoxides have been used as oxidants with vanadium complexes of silica-supported aminodiol (26% ee) 18 and Schiff bases on Merrifield resin (up to 40% ee). 19 Slightly better enantioselectivities have been described when H 2 O 2 was used as an oxidant in the oxidation catalysed by vanadium complexes of polystyrene supported Schiff bases (up to 57% ee). 20 In contrast, the covalent grafting of salen-VO complex led to very poor enantioselectivity. 21 Non-covalent methods of immobilisation can be more attractive from a practical point of view, as they require much less synthetic effort. 22 The addition of modifiers to heterogeneous catalysts is one of the possible strategies. Some examples are the pairs LDH-OsO 4 /(DHQD)2PHAL (hydroquinidine 1,4-phthalazinediyl diether) (up to 51% ee with NMO), 23 WO 3 /salen ligands, 24 for oxidation with H 2 O 2 (up to 67% ee). Excellent results have been described in the oxidation with alkyl hydroperoxides catalysed by supported Ti-binol complexes, either forming a coordination polymer 25 or onto an ionic-liquid-modified mesoporous silica. 26 The link of the chiral complexes to the support through the metal has been seldom used and in the case of sulfide oxidation only a couple of examples with Ti-tartrate on silica 27 have been described with only modest results (up to 30% ee), whereas this strategy has not been described for vanadium.
For this purpose it is very important to control the number of metal-support bonds, as this will condition the formation of the supported complex with the chiral ligand. The change of the density of the surface Si-OH groups, for example by calcination, is then crucial to control the nature of the resulting vanadium surface species, bonded to one, two or even three silicon atoms through Si-O-V bonds with the formation of monopodal, bipodal or tripodal species, respectively. In the present work, vanadium species are incorporated by postsynthesis impregnation onto calcined MCM-41 samples and their performance in sulfide oxidation with alkyl hydroperoxides, both in the absence and in the presence of (S,S)-(+)-N,N'bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine as chiral ligand.
(+)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine (Jacobsen's ligand, Sigma-Aldrich) were used as-received.
Sample synthesis
Pure silica MCM-41 was synthesised according to the literature procedure. 28 Cetyltrimethylammonium bromide (CTAB) was dissolved in distilled water at 40 °C to obtain a clear micellar solution. The silica precursor tetraethoxysilane was added to the initial mixture. The molar composition of the above mixture was TEOS:CTAB:NH 4 OH:H 2 O = 1:0.2:8:114. The resulting gel was stirred for 2 h at 30 °C and then it was transferred into a polypropylene bottle and heated at 100 °C for 72 h. The final product was filtered off, washed with de-ionised water and dried at 50 °C for 24 h. The final solid was calcined in O 2 at two different temperatures (550 and 750 °C) for 6 h with a heating rate of 1 °C/min. The resulting materials are denoted as MCM 550 and MCM 750 .
Vanadium (V) oxytriisopropoxide (VO(O i Pr) 3 ) was used as a vanadyl precursor. 1.25 mmol of VO(O i Pr) 3 was added to 0.5 g of support (MCM 550 or MCM 750 ), in dry toluene (10 mL). The final mixture was refluxed for 24 h and the resulting material was vacuum-filtered, washed by dichloromethane and toluene, and dried overnight in an oven at 120 °C. Dried materials were subjected to Soxhlet extraction with anhydrous dichloromethane for 24 h and the final solids were dried at 50 °C under vacuum for 8 h. The white MCM-41 powder became green after impregnation. The resulting materials are referred to as V-MCM 550 and V-MCM 750 .
Characterisation methods XRD patterns were recorded on a Rigaku D/Max 3400 powder diffractometer using Cu Kα radiation (40 kV and 30 mA) over the range 0.5 < 2θ < 10°. The specific surface areas (S BET ) and the average pore diameters were determined by nitrogen physisoption at 77 K using a Micromeritics ASAP-2000 instrument (all samples were outgassed for 3 h at 573 K in the degas station). Transition Electron Microscopy (TEM) images were taken on a Philips CM 20 electron microscope. NMR spectra were recorded on a Bruker Avance III WB400 spectrometer with 4 mm zirconia rotors spun at magic angle at 5 kHz. 1 H- 29 Si CP spectra (7500 scans) were measured using a 1 H π / 2 pulse length of 3 µs, with a contact time (ramp) of 7 ms, continuous wave proton decoupling at 50 kHz and recycle delay of 10 s. The UV-Vis absorption spectra of the samples were recorded on Shimazu UV-3100 spectrophotometer over a wavelength range of 200-800 nm. FT-IR spectra of different samples were recorded in KBr at room temperature in a Nicolet 710 FT spectrophotometer.
Catalytic test
Methyl phenyl sulfide (1 mmol) and vanadium catalyst (amount containing 0.05 mmol V) in anhydrous CH 2 Cl 2 (10 mL) were stirred in the presence of the oxidant (BHP or CHP, 1 mmol) at 298 K for 6 h under an inert atmosphere (helium). The reaction was monitored by GC-FID analysis on a TRACE GC Ultra, using helium carrier gas, equipped with a SPBTM-5 capillary column (30 m × 0.25 mm × 0.25 μm). In the case of enantioselective reactions, the chiral (Jacobsen's) ligand (32.8 mg, 0.06 mmol) was added to the stirred suspension of the catalyst in anhydrous CH 2 Cl 2 prior to the addition of sulfide and oxidant. The enantiomeric excess was determined by 1 H NMR in CDCl 3 in the presence of one equivalent of chiral shift reagent (S)-N-(3,5-dinitrobenzoyl)-α-phenylethylamine.
Results and discussion

Physical properties
Diffraction patterns of the different mesoporous solids (with and without vanadium) are reported in Fig. 1 . The XRD patterns recorded on untreated MCM 550 and MCM 750 samples match well with those of the silica MCM-41 polymorph reported by Chen et al. 28 After the increase of the calcination temperature from 550 °C to 750 °C, the hexagonal structure of MCM-41 was maintained. In fact, the XRD patterns of pure MCM-41 exhibit a high-intensity (100) and two low-intensity (110) and (200) reflections which are characteristic of the hexagonal structure. The major peak was observed at 2θ value of 2.32º and the other reflections were detected at 4.01º and 4.49º. The d 100spacing, corresponding to the plane distance, was computed by means of Bragg's law, and the centre-centre distance between the adjacent pores in the hexagonal structure (a 0 Fig. 2) can be calculated as a 0 = 2d 100 / √3. The unit-cell parameter of MCM 750 is smaller than that of MCM 550 (Table 1) due to the contraction of silica matrix with the increase in calcination temperature. This contraction has been ascribed to the condensation of Si-OH groups to generate cyclic trisiloxanes, 28 as indicated in Fig. 3 . This is in good agreement with the decrease in silanol density showed below by 29 Si MAS NMR. The pore diameter was determined from the analysis of the desorption branch isotherm by the BJH (Barrett-Joyner-Halenda) method. 29 d The wall thickness, calculated as δ = a 0 -D p . 
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After the impregnation step, the main peak intensity decreased in the V-MCM samples. This result suggests that the introduction of V species into the channel of MCM-41 leads to a substantial loss in scattering contrast between the channel and the wall, and then reduces the intensity of the scattered X-ray in the powder diffraction experiment. 30 Impregnation of V species on MCM41 sample generates also the disappearance of the two others smaller diffraction peaks (110) and (200) . Although this disappearance may be due to partial collapse of the channels, TEM images rather indicate that the deorganisation at a long range of the MCM41 structure, mainly due to the incorporation of the V species into the channels keeps the hexagonal array arrangement and thus probably creates some local disorder of the array arrangement. The presence of the V species inside the channels of MCM41 reveals that the unit-cell a 0 parameter remains almost constant in the V-MCM 750 sample but decreases significantly in the V-MCM 550 sample. This contraction of the unit-cell in the case of the V-MCM 550 sample, gives proof of the strong interactions between V centres and the silicate.
The N 2 adsorption-desorption isotherms and pore size distribution curves for the MCM-41 samples are shown in Fig. 4 . The specific surface area (S BET ) was calculated according to the standard BET method. 32 The total pore volume (V p ) was obtained from the nitrogen amount adsorbed at P / P 0 = 0.99. The mean pore diameter (D p ) was calculated from the BJH pore size distributions based on the desorption branch. The wall thickness (δ) was calculated as the difference between unit cell parameter a 0 , determined by X-ray diffraction, and the pore diameter (D p ). All those values are reported in Table 1 .
The nitrogen isotherm of the MCM41 550 sample follows the type-IV isotherm with a sharp capillary condensation step at a relative pressure between 0.25 and 0.4, indicating a typical mesoporous structure. 32 The pores associated with this type of isotherm must all be nearly equal in size (which is indeed the case, as is apparent from Fig. 5 ), because filling of the mesopores by nitrogen takes place over a relatively small range of relative pressures (i.e P / P 0 = 0.25-0.40). A further indication for this statement is the fact that the desorption curve almost completely coincides with the adsorption isotherm in this pressure range, giving a very narrow hysteresis loop (i.e. the difference between the adsorption and desorption curves). Moreover, the shapes of the curves and the hysteresis loop are very characteristic for cylindrical mesopores, which indeed constitute the MCM-41 structure (see Fig. 5 ). By increasing the calcination temperature of MCM41 from 550 to 750 °C, the sharp capillary condensation step shifts toward the low p / p0 region, indicating a change in the pore structure (compare Figs 4a and 4b). According to X-ray diffraction, this change is due to the condensation of surface Si-OH groups which reduces the pore-size and causes the decreasing of the surface area (see Table 1 ).
After vanadium impregnation, the pore structure is significantly affected (Figs 4c and 4d ). In fact, the surface area and the pore volume decrease to ca one third of the starting value (Table 1) , whereas the wall thickness (δ) increases and the pore diameter decreases. This could be explained by the filling of the pores with vanadium species which remain bonded to the silica surface inner and increase the wall thickness. Consequently, the mesochannels became narrow and the pore diameter of the incorporated MCM-41 samples would also decrease, accompanying the decrease of the pore volume and the surface area. As can be seen in Table 1 , this effect is more pronounced in the case of the V-MCM 550 sample, indicating a decrease of about 3Å in the average pore diameter. This observation correlates well with the decrease of the unit-cell a parameter showed by X-ray diffraction.
TEM analysis of mesoporous silica MCM-41 ( Fig. 5 ) shows well-ordered structures. The pores are hexagonally arranged when they are viewed along the pore direction ( Fig. 5a ), as expected for MCM-41 materials, and on a side view analysis the presence of well-packed parallel lattice fringes is observed (Fig. 5b ). 33 These results prove the assumption that the deposition of 2-3 monolayers of silicate precursor on the isolated surfactant micellar rod with its subsequent further condensation results in the formation of long-range ordered mesoporous materials. The distance between two consecutive centres of hexagonal pores estimated from the TEM images is ~ 3.6 nm, close to the 4 nm estimated from X-ray diffraction (XRD). After vanadium impregnation, TEM pictures of V-MCM 550 (Fig. 6a, b , and c) and V-MCM 750 (Fig. 6d , e, and f) samples illustrate the array of mesoporous channels in a hexagonal arrangement. Well-defined channels with pore diameter of about 3 nm and walls contrast, differentiating the walls and the internal pore are observed. The V-MCM 750 samples show less ordered arrangement. The TEM observations confirm the results by XRD and N 2 adsorption.
To summarise, the bulk characteristics of the V-MCM samples are comparable but not identical to those of calcined MCM-41 supports. In the presence of vanadium, BET proves that the mesoporous channels remain accessible and the pore diameter decreases. This decrease suggests that vanadium species are located inside the channels, coating the walls of the mesoporous matrix. In the case of V-MCM 550 , a significant decrease of the unit-cell a 0 parameter is observed, indicating a strong interaction between vanadium centres and mesoporous walls. The presence of oxovanadium functional groups, multiply coordinated by (Si-O-V) bridges to the walls could explain this last observation. Indeed, some pore-size shrinking, associated with unit-cell a 0 decrease, could be expected if the V species are bonded to two (bipodal) and/or three (tripodal) Si-O groups and tend to curve the silica walls, as schematically indicated in Fig. 7 . In contrast, the V species introduced into the channels of V-MCM 750 sample are not expected to change the unit-cell a 0 parameter significantly. The combination of this observation with the low number of available surface silanol groups in the MCM41 750 sample, suggests that monopodal species will be more abundant on V-MCM 750 . These observations are consistent with the reported results obtained in the case of supported titanium species. 34 In fact, tripodal and bipodal species should be the most common with highly hydroxylated surfaces, whereas monopodal species would be the major one in the case of surfaces with low hydroxyl density.
In order to gain insight into the coordination of V centres on the mesoporous walls, 29 Si CP-MAS NMR investigation has been undertaken. Deconvolution of the spectrum of MCM-41 (Fig. 8a) shows the expected three bands at −91 ppm, corresponding to Q 2 (SiO) 2 -Si-(OH) 2 centres, −100 ppm, corresponding to Q 3 (SiO) 3 -Si-OH sites, and −110 ppm, due to Q 4 Si-(SiO) 4 centres. 35 Although the use of cross-polarisation technique precludes any quantitative determination of the centres, it is possible to compare the qualitative modification of the relative amounts when the spectra are registered under the same conditions (Table 2) . The main effect of an increase in the temperature of thermal treatment should be the condensation of vicinal hydroxyl groups to form the siloxane bonds. This is compatible with the decrease in relative weight of Q 3 sites, transformed into Q 4 , whereas the Q 2 area increases its relative importance, given the difficulty in dehydration of germinal hydroxyl groups and the better cross-polarisation of this species. After impregnation with VO(O i Pr) 3 , significant changes in the spectra are observed. In fact, Q 4 contribution is higher, due to the formation of (≡SiO) 3 -Si-O-V species, whereas Q 2 contribution is almost negligible due to the transformation into (≡SiO) 2 -Si(OH)-O-V (Q 3 ) and (≡SiO) 2 -Si-(OV) 2 (Q 4 ) species. The higher contribution of Q 4 in V-MCM 750 compared with V-MCM 550 agrees with the lower number of available silanol groups after calcination at higher temperature, which also explains the lower vanadium content in V-MCM 750 ( Table 1) .
The nature and coordination of vanadium species in the different samples were studied by diffuse-reflectance UV-Vis spectroscopy (Fig. 9 ). Diffuse-reflectance spectra in the UV-Vis region of V-silicates and of selected compounds have already been reported. 35, 36 In general, with increasing coordination number, a shift in the charge transfer (CT) band to lower energy (i.e., higher wavelength) is detected. If the low-energy charge transfer (LCT) band associated with O to V electron transfer falls in the region 333-500 nm, this corresponds to V 5+ ions in an octahedral coordination. For lower coordination, such as tetrahedral V 5+ , the low-energy charge transfer (LCT) band falls in the region 285-333 nm. The LCT band for V 4+ ). The UV-Vis spectrum of V-MCM 750 sample (Fig. 9b) shows two intense bands at 298 and 360 nm, indicating the presence of isolated tetrahedral and octahedral V 5+ species, respectively, with V=O bands. In the case of V-MCM 550 , a shift in the CT band to lower energy (i.e., higher wavelength) is detected. On the basis of the literature values, 35, 36 the band at 315 nm (Fig. 9a ) is attributed to V 5+ species in tetrahedral environments. The broad bands observed at higher wavelength (i.e., at 400 and 440 nm) are considered as a consequence of octahedral coordination and in some cases the result of polymeric VO x species. 34 From these observations, it may be assumed that V-MCM 750 sample have a higher proportion of isolated V 5+ species. In addition, V-MCM samples did not exhibit any bands attributed to d -d transitions, indicating the absence of detectable amounts of V 4+ species.
FT-IR spectra of MCM-41 samples with and without vanadium are shown in Fig. 10 . The amorphous structure of the frame wall and the presence of hydrogen-bonded hydroxyl groups are evidenced in the IR spectrum of the calcined MCM-41 samples. 37 In the range between 1000 and 1300 cm -1 , the strongest absorption bands, relative to the silica structure, are due to the bulk Si-O-Si group asymmetric stretching vibration mode. Moreover, the peaks at 806 and 460 cm −1 are attributed, respectively, to the Si-O-Si groups symmetric stretching and bending vibrations and the band at 966 cm −1 corresponds to stretching vibration of Si-O-H surface groups. Finally, the bands at 3461 cm −1 and at 1652 cm −1 correspond to the O-H stretching and O-H bending vibration modes, respectively. After impregnation with the vanadium source, the IR spectra of V-MCM 550 and V-MCM 750 reveal the presence of new peaks. In fact, the grafting of VO(O i Pr) 3 is confirmed by the presence of new band at 960 cm −1 which is attributed to Si-O-V. 38 Moreover, no peaks are observed at 1020 and at 820 cm −1 characteristic of V=O stretching vibrations and V-O-V deformation in V 2 O 5 . 39 So it seems that the formation of vanadyl polymers is limited or at least they are in a highly dispersed state on the high surface area support. In addition, we thought that the intensity contrast between the two bands at 960 and 806 cm -1 might reflect the inflection of SiO 4 tetrahedral configuration in the framework. In fact, the binding process between the vanadium species and the host OH in the inner surface decreases the distortion of the SiO 4 tetrahedral configuration in the framework. As a result, the ratio of I 960 / I 806 would increase. Hence, when the distortion decreases, the ratio of I 960 / I 806 would be higher. As can be seen in Fig. 10 , the ratio of I 960 / I 806 in V-MCM 550 sample is higher than in V-MCM 750 case. This observation can confirm the hypothesis, which has been drawn previously, from BET and XRD studies, indicating the strong interaction between the vanadium centres and the mesoporous walls in the V-MCM 550 case due to the presence of oxovanadium functional groups, multiply coordinated via (Si-O-V) bridges (i.e., bipodal and/or tripodal vanadium species).
Catalytic performance of V-MCM samples
The above results prompted us to study V-MCM 550 and V-MCM 750 as oxidation catalysts and the selective oxidation of sulfide to sulfoxide was selected as the benchmark reaction with alkyl hydroperoxides to minimise the possible vanadium leaching. 12 The results obtained using thioanisole as sulfide are given in Table 3 . As can be seen, the oxidation almost does not take place in the absence of catalyst or in the presence of the supports (MCM 550 or MCM 750 ) (entries 1-3). In fact, the conversion does not exceed 6% with cumene hydroperoxide (CHP). In the presence of samples V-MCM 550 and V-MCM 750 most of the substrates are oxidised to give high yields, particularly when CHP was used as oxidant, which seems to be more efficient in the oxidation of sulfide than TBHP (4 versus 7 and 8 versus 11). The lower activity of the currently available tert-butyl hydroperoxide (TBHP) (solution in decane) compared with CHP had been already observed with Ti/silica catalysts. This can be explained by the presence of t-BuOH formed during the reaction (the product of the reaction exchange between TBHP and sulfide); as it has been described for many catalytic systems, this alcohol may be a coordination competitor of the substrate on the active sites and considerably decrease the reaction rate. 40 The possibility of homogenous catalysis by titanium ions leaching from the V-MCM 550 and V-MCM 750 catalysts has been investigated. To accomplish this, the reaction was conducted under similar reaction conditions and then stopped after 30 min. The liquid medium was removed with a syringe equipped with a filter and immediately transferred to another reactor. The compositions were then monitored over another 1.5 h. No activity was found in the liquid phase alone. This blank experiment indicates that no V species had leached out of the catalyst and that the oxidation reaction was stopped after catalyst removal, indicating that the activity of the catalyst can only be due to the V species incorporated onto the surface of the silica support (Scheme 1).
Scheme 1 Oxidation of methyl phenyl sulfide.
Despite its lower vanadium content compared to V-MCM 550 , V-MCM 750 is slightly more active and selective than V-MCM 550 in this reaction. This effect is probably due to the higher proportion of isolated (monomeric) V 5+ species in V-MCM 750 , as shown by UV-Vis spectroscopy, whereas the presence of polymeric species is more probable in V-MCM 550 . In fact, it is now generally accepted that the active site of this type of catalyst (oxide-supported vanadium complexes and vanadium silicates) involves isolated open sites, that is, tetrahedral isolated V 5+ centres linked to the surface by siloxy bridges. 41 Moreover, the formation of the peroxy intermediate is probably easier with monopodal and dipodal grafted species (Fig. 7) , more abundant in V-MCM 750 , whereas tripodal species should be the predominant in V-MCM 550 . In addition, the catalysts were shown to be only partially recoverable. Indeed, a remarkable decrease in the sulfide in both cases was observed, indicating the partial deactivation of the catalysts which is due probably to the blocking of the pores by residual byproducts formed by side reactions, which after several washings could not be removed from the materials and can poison the active sites. This effect is more pronounced in the case of V-MCM 750 where the activity is lost much faster, whereas V-MCM 550 keeps a larger proportion of its initial activity in the second and the third run, with the same selectivity. This effect is probably due the higher amount of vanadium in V-MCM 550 sample.
The possibility of modifying the vanadium sites with chiral ligands was tested by using (S,S)-(+)-N,N'-bis (3,5-di-tertbutylsalicylidene)-1,2-cyclohexanediamine (Jacobsen ligand, Fig. 11 ) in the reaction medium, mimicking the in situ preparation of the complex carried out in homogeneous catalysis. As the size of the oxidant may play a role in the asymmetric induction, both hydroperoxides TBHP and CHP were tested. The results are gathered in Table 4 . The behaviour is completely different depending on the nature of the oxidant. In the case of TBHP the results of conversion and selectivity to sulfoxide are very similar to those obtained in the absence of chiral ligand (entries 3-4). On the contrary, with CHP the selectivity to sulfoxide significantly decreases (entries 1-2), with an important overoxidation to sulfone (up to 66% selectivity with V-MCM 750 ). This can be explained by the bulkiness of the phenyl group of CHP, which would interfere with the appropriate coordination of chiral ligands with vanadium ions in the pores. Moreover, enantioselectivity is low in all cases, but always better in the case of V-MCM 750 , 11% ee with TBHP and a significant 19% ee with CHP, better than the results of either no enantioselectivity with TBHP 41 or 10% ee with H 2 O 2 described in the literature 43 for the analogous homogeneous complex.
The almost no enantioselectivity observed with V-MCM 550 seems to indicate an incorrect formation of the chiral complex. Indeed, from the homogeneous catalytic process reported by previous studies 44 in the asymmetric oxidation of sulfide using a VO(O i Pr) 3 /Schiff base ligand complex, it is usually accepted that the active vanadium centre is coordinated, with the chiral ligand chelating the metal via two σ-bonded oxygen atoms and σ-π-coordinated R-peroxo ligand (Fig. 12, complex  2) . Thus if V species is grafted via two Si-O-V bonds (i.e., bipodal vanadium species), it cannot accommodate all these ligands, and is then not an enantioselective site (Fig. 13, bipodal  complex) . This situation would be even more difficult in the case of tripodal species, while V species onto silica grafted by one Si-O-V can engage the three covalent bonds required leading to a chiral active site ( Fig. 13, monopodal complex) . Thus the higher abundance of monopodal species in V-MCM 750 would explain the higher enantioselectivity obtained with this solid. Further work is in progress to optimise these results, by maximising the population of monopodal vanadium species and using better chiral ligands.
Conclusion
Two mesoporous catalysts V-MCM-41 have been successfully synthesised by grafting of VO(O i Pr) 3 onto MCM-41 mesoporous silica. The temperature of calcination (550 or 750 °C) leads to different species, presumably controlled by the surface density of silanol groups. In the case of V-MCM 550 , tripodal and bipodal vanadium centres are the most probable, in the form of polymeric species. In the second catalyst (V-MCM 750 ) isolated monopodal and dipodal vanadium species are the most abundant . These kinds of centres show slightly higher activity in the oxidation of methyl phenyl sulfide and better selectivity to sulfoxide. In the presence of (S,S)-(+)-N,N'-bis (3,5-di-tertbutylsalicylidene)-1,2-cyclohexanediamine, the V-MCM 750 catalyst is able to promote the asymmetric oxidation with significant enantioselectivity. This behaviour seems to indicate a proper formation of the chiral complex on monopodal vanadium centres. CHP  69  48  52  3  2  V-MCM 750  CHP  49  34  66  19  3  V-MCM 550  TBHP  75  76  24  4  4  V-MCM 750  TBHP  62  89  11 
